Transcranial pulsed current stimulation (tPCS) and transcranial direct current stimulation (tDCS) are two noninvasive neuromodulatory brain stimulation techniques whose effects on human brain and behavior have been studied individually. In the present study we aimed to quantify the effects of tDCS and tPCS, individually and in combination, on cortical activity, sensitivity and painrelated assessments in healthy individuals in order to understand their neurophysiological mechanisms and potential applications in clinical populations. A total of 48 healthy individuals participated in this randomized double blind sham controlled study. Participants were randomized to receive a single stimulation session of either: active or sham tPCS and active or sham tDCS.
Introduction
One important recent insight in the field of non-invasive brain stimulation (NIBS) is that each technique has a distinct neurophysiological signature [1] . A deeper understanding of the differences between techniques of transcranial stimulation becomes critical, given the increase in the number of options and novel methods being developed. Nevertheless, few trials have compared these techniques head-to-head, particularly while using neurophysiological markers to further understand their impact on brain activity. In this study, we compared the effects of transcranial Direct Current Stimulation (tDCS; i.e., direct constant current) and Pulsed Current Stimulation (tPCS; i.e., biphasic pulsed alternating current) on brain activity, as well as on sensitivity and pain assessments.
Numerous studies on tDCS showed the efficacy of this NIBS technique to modulate cortical activity in both healthy and clinical conditions [2] . From a neurophysiological perspective, anodal tDCS increases neuronal excitability by facilitating action potentials and by modifying NMDA receptor excitability [3] . Moreover, tDCS may strengthen task-related dynamic synaptic connections [4] . This technique is widely used to modulate brain activity in clinical scenarios such as stroke rehabilitation [5] , pain [6] , depression [7] and tinnitus [8] . In healthy subjects, tDCS has shown to modulate pain threshold [9] , pain perception and empathy [10] .
Another method of NIBS, transcranial Pulsed Current Stimulation (tPCS; i.e., biphasic pulsed alternating current), has shown to enhance motor skills and cognitive function [11] [12] [13] . Preliminary evidence suggests that tPCS may induce dynamic changes in cortical areas including those responsible of cognitive processes [14] . For instance, it leads to modifications in learning processes, as a result of memory modulation, and in decisionmaking responses, attention and performance, by enhancing circuits [13] . In particular, recent studies suggested that tPCS applied on auricular structures can modify electrical activity of cortical and subcortical regions. Additionally, computer modeling [15] and neuropshysiological studies (using quantitative electroencephalography -QEEG) have shown that tPCS can modulate frontal [16] and interhemispheric [17] neuronal connectivity. Regarding the optimal parameters of stimulation, previous studies have shown that a current of 2 mA during 20 min [18] at a random frequency between 6 and 10 Hz [17] induce the most significant neurophysiological effects, especially increasing power in the alpha band, when compared to lower and higher frequencies.
Based on previous evidence, we hypothesized that tDCS would mainly change behavior [9, 19] through the modulation of neuronal firing under the stimulated area, whereas tPCS would modify behavioral performance through a widespread increase of cortical and subcortical connectivity [16] . Our main goal was to detect the consequences of this neuronal event through resting state EEG. Secondarily, we assessed the behavioral effects on sensitivity and pain thresholds given that a number of studies have shown that different techniques of electrical stimulation can modify these measurements. No studies directly compared tPCS with tDCS, nor the potential benefits of combining them. Therefore, in this trial, we aimed to answer the following questions: 1) Do tPCS and tDCS involve the same underlying mechanisms? 2) Does the combination of tPCS with tDCS induce a significant effect on electrophysiological measures, compared to the individual application of each technique? and finally, 3) Does a single session of tDCS applied without a specific task (i.e., resting state) affect cortical activity in healthy subjects?
Methods

Study design
This randomized, double-blind, sham-controlled trial was carried out at the SpauldingLabuschagne Neuromodulation Center. Subjects were randomized to receive one session of either: 1) active tPCS/active tDCS; or 2) active tPCS/sham tDCS; or 3) sham tPCS/active tDCS, or 4) sham tPCS/sham tDCS. We used a computer-generated randomization method with blocks of four (http://www.randomization.com). Each stimulation condition was preceded and followed by an EEG recording, as well as sensitivity (i.e., Von Frey Hair assessment), and pain assessments (i.e., Prain Pressure Threshold -PPT: control condition and during cold water immersion; conditioned pain modulation -CPM) (Fig. 1). 
Participants
Forty-eight healthy subjects (mean age, 32.4 ± 10.6 years; 18 females) were included in the study. Participants were eligible if they met the following criteria: age between 18 and 65; no history of neurologic, psychiatric, or unstable medical condition; no history of brain injury resulting in loss of consciousness during the last 2 years; no history of drug or alcohol abuse; no history of brain surgery or presence of metallic implants or any contraindication to tPCS or tDCS; and no current pregnancy. The study was approved by the local institutional review board and performed in accordance with the Declaration of Helsinki.
Transcranial direct current stimulation, tDCS
tDCS was delivered with the anode electrode positioned over the left primary motor cortex (M1-C3 based on the 10-20 international system) and the cathode electrode over the right supra orbital region (Soterix Medical, New York, NY, USA). Stimulation lasted 20 min with a current of 2 mA, with fade-in and fade-out of 30 s. For the sham condition, stimulation parameters were the same, but the device turned off automatically after 30 s [20] .
Transcranial pulsed current stimulation, tPCS
We used an investigational, custom-made, battery-powered, high-frequency stimulator tPCS device (Lab 8Tron AG) that delivered a quadratic biphasic alternating current using periauricular ear-clip electrodes. Stimulation parameters for tPCS were: 20 min of stimulation at a fixed current intensity of 2 mA and random noise frequency of 6-10 (as previously described -Morales-Quezada et al., 2015). The sham condition stimulation parameters were the same as those of tDCS: the device turned off automatically after 30 s.
Quantitative electroencephalographic recording, analysis of power and interhemispheric coherence
We used a 64-channel, high-density Electrical Geodesic Incorporated EEG device (Electrical Geodesics, Inc., Eugene, Oregon, USA). Data was sampled at a rate of 250 Hz, amplified and filtered using a bandpass of 0.1-70 Hz. EEG was recorded for a total of 12 min (6 min eyes open and 6 min eyes closed). For offline analysis we used a low-pass cut filter of 40 Hz and a high-pass cut filter of 1 Hz, followed by manual artifact detection and rejection by a blinded assessor.
Power and coherence were calculated using EEGLab (Delorme A., 2004) and MATLAB (MATLAB R2012a, 2000; The MathWorks Inc., Natick, Massachusetts, USA). Fast Fourier transformation (averaged windows of 5 s with 50% overlap) was used to calculate power (μV2) for the following EEG bands: theta (4-8 Hz), alpha (8-13 Hz) and beta (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) ; and the sub-bands: low-alpha (8-10 Hz), high-alpha (10-13 Hz), low-beta (13-20 Hz) and high beta (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Adjacent electrodes were selected and averaged to represent frontal, central, parietal, temporal and occipital areas.
We calculated interhemispheric coherence for these bands and sub-bands, using two different electrode pairs: E19-E56 and E14-E57, located in the frontotemporal area and including their reciprocal location in the contralateral hemisphere, as described in recent tPCS trials [16] [17] [18] 21 ]. Welch's averaged modified periodogram method was used to find the estimated coherence of signal x and y, representing each electrode site.
Quantitative sensory assessments
2.6.1. Mechanical detection threshold-To determine sensitivity threshold, we used the Von Frey Hair assessment (North Coast Medical, Inc. Morgan Hill, CA, USA), with monofilaments of 0.008-300 g. Subjects' thresholds were assessed for perceived mechanical pressure using ascending filament gauges [22] . We applied increasingly thick monofilaments to the right thenar region until subjects, who had their eyes closed, reported the perception of the stimulus (perception threshold). This procedure was performed 3 times. The average was used to determine the sensitivity threshold.
Pain pressure threshold (PPT)-Regarding pain assessments, PPT was
performed applying an increasing amount of blunt pressure using the 1-cm 2 hard-rubber end of an FDA-approved assessment device (Commander Algometer, JTECH Medical, Salt Lake City, UT, USA). Pressure was applied to the right thenar region with an approximate constant increase in pressure of 50 kPa/s. PPT was defined as the amount of pressure with which the subject started to perceive pain. This procedure was repeated 3 times and the average value was used for analysis.
Conditioned pain modulation (CPM)-
For the evaluation of CPM, the same procedure applied for the PPT (test-stimulus) was repeated, this time, 30 s after the immersion of the left hand (up to the wrist) in cold water (10-12 °C). The 'conditioning stimulus' was the cold water, while the 'test-stimulus' was the localized pressure. The hand was immersed in cold water for a total of 60 s.
Side-effects and blinding assessments
Immediately following administration of tDCS and tPCS, participants were asked about the occurrence of any side effects [20] . Subjects were also invited to guess whether they received active or sham tDCS/tPCS, and to rate how confident they felt about their guess in a scale of 1 (not confident at all) to 5 (completely confident).
Sample size calculation
As this research is exploratory in nature, the sample size of 12 subjects per group for was calculated based on the goal of testing for a difference between groups using qEEG, given that an expected difference between groups of at least 40% of increase in theta and lowalpha interhemispheric coherences.
Statistical analyses
For baseline characteristics, continuous variables were compared using one-way analysis of variance and categorical variables were analyzed using a χ 2 -test. The Kruskal-Wallis test was used to compare the effects of stimulation on power and coherence variables. MannWhitney tests were applied for post-hoc comparisons. The dependent variables for EEG power and coherence in each bandwidth were calculated as the difference between poststimulation and pre-stimulation.
The independent fixed variable for the power and coherence analysis was the group (group 1: active tPCS and active tDCS; group 2: active tPCS and sham tDCS; group 3: sham tPCS and active tDCS; group 4: sham tPCS and sham tDCS). Due to important movement artifacts during the 'eyes open' condition, only the 'eyes closed' condition was considered for the analyses.
Regarding sensitivity and pain assessments, we evaluated the group effect with KruskalWallis test, comparing the difference (pre minus post stimulation) for Von Frey assessment, PPT and CPM.
Results
47 participants completed the study. One participant (group 1) dropped-out due to discomfort after stimulation started. EEG data from one subject (in group 3) was excluded from the analysis due to excessive artifacts in the EEG recording. Therefore, 46 subjects were included in the analysis (32.5 ± 11 years; 16 females).
Power analysis
There were no differences between the groups in the baseline power spectrum in the frontal, central, parietal, temporal, and occipital brain regions (p > 0.05).
We found a significant group effect in the power spectrum of the theta, alpha, low alpha, low beta, and high beta bandwidths. For these bandwidths, we found differences in most of the observed regions. In the theta bandwidth, we found differences in the parietal region (p = 0.034); in the alpha bandwidth, we found a difference in the parietal (p < 0.0001) and occipital (p < 0.0001) regions; in the low alpha bandwidth, there was a difference in the parietal (p < 0.0001) and occipital (p < 0.0001) regions; in the high alpha bandwidth, the difference was in the occipital region (p = 0.001); in the low beta bandwidth there was a difference in the frontal (p = 0.003), central (p = 0.043), temporal (p = 0.040), parietal (p = 0.023) and occipital (p = 0.035) regions; and in the high beta bandwidth, we found a difference in the frontal (p < 0.0001), central (p < 0.0001), temporal (p < 0.0001), parietal (p < 0.0001) and occipital (p < 0.0001) regions. We performed the analyses per hemisphere (left and right) and did not identify any further differences.
Post-hoc analyses
1.
Comparing tPCS versus tDCS: We identified that tPCS has a higher effect on power, as compared to tDCS, in the theta bandwidth in the parietal region (p = 0.021); in the alpha band in the temporal (p = 0.009), parietal (p = 0.0063) and occipital (p < 0.0001) regions; in the low alpha band in the parietal (p = 0.014) and occipital (p < 0.0001) regions; and in the high alpha band in the occipital area (p = 0.0001) (Fig. 2 ).
2.
Comparing tPCS combined with tDCS, versus sham: We found that the combination of tPCS and tDCS significantly decreased power, as compared to sham, in the low beta bandwidth of frontal (p = 0.0006), central (p = 0.0001) and occipital (p = 0.0003) regions (Fig. 3) . There was no significant difference between tPCS combined with tDCS and sham stimulation in all the other bandwidths.
3.
Comparing tDCS versus sham: The analyses showed that tDCS significantly increased power in the high beta bandwidth over temporal (p = 0.0015) and parietal (p = 0.0007) regions, as compared to sham (Fig. 4) .
4.
Comparing tPCS versus sham: We identified that tPCS significantly increased power in the alpha (p = 0.025) low beta (p = 0.024) and high beta (p = 0.0001) bandwidths over the temporal region; in the theta (p = 0.030), alpha (p = 0.0009), low alpha (p = 0.001), low beta (p = 0.013) and high beta (p < 0.0001) bandwidths over the parietal region; and in the alpha (p < 0.0001), low alpha (p < 0.0001) and high alpha bandwidths (p = 0.005) over the occipital region, as compared to sham.
Note that we did the same analyses for the left and right hemispheres separately and we did not identify any lateralization of the results
Coherence analysis
Regarding the interhemispheric frontal coherence, we found a significant group effect in the alpha (p = 0.004), low alpha (p = 0.034) and high alpha (p = 0.008) bandwidths. The posthoc analysis revealed a trend towards an increased interhemispheric frontal coherence in the alpha band for tPCS (p = 0.07).
Pain and sensitivity assessments
Regarding pain-related and sensitivity assessments, we did not identify any difference between groups in Von Frey (p = 0.44), PPT (p = 0.75) or CPM (p = 0.60) values.
Side-effects and blinding assessments
Besides the participant who dropped-out due to reported discomfort with stimulation, all other subjects tolerated the procedure well and there were no significant adverse effects (Table 1 ). Blinding assessments revealed that 13 subjects (28.3%) correctly guessed both interventions (sham or active tDCS and sham or active tPCS). Of those guessed correctly, 8 subjects (61.5%) reported to be 'almost' and 'completely' confident in their response, and 5 subjects (38.5%) reported to be 'somewhat' or not confident at all in their response.
Discussion
This study shows that (i) tPCS, compared to tDCS, has a greater effect on cortical activity, as shown by EEG in alpha bands (low alpha and/or high alpha) over the parietal, temporal and occipital cortical regions, as well as interhemispheric frontal coherence in the alpha bandwidth; (ii) the combination of tDCS with tPCS has either no effect, or induces a decrease in power in low beta bandwidth in the frontal, central and occipital regions; and (iii) tDCS over the motor cortex improves power in high beta band in the parietal and temporal regions.
These findings suggest three important conclusions: 1. tDCS and tPCS have different neurophysiological signatures; 2. combining the two types of stimulation leads to no effect or to a decrease in brain excitability on healthy participants; and 3. tDCS applied at rest increases power in the beta bandwidth.
tDCS and tPCS have different neurophysiological signatures
tPCS has shown promising and reproducible results as a neuromodulatory tool, given the reported effects on coherence and EEG power spectrum [16] [17] [18] . In addition, it is a simple, painless, easy to use, portable, and safe technique. So far, various parameters, namely duration of stimulation, intensity and frequency have been investigated. In particular, it has been shown that a tPCS current of 2 mA during 20 min of a randomly pulsating frequency ranging between 6 and 10 Hz induced the most significant changes in brain activity. Our data confirms the results observed in previous trials with tPCS [16] [17] [18] , demonstrating that this stimulation has a consistent impact on cortical activity, as measured by power and connectivity in alpha frequencies. Furthermore, our results showed that a single session of tPCS is sufficient to induce reliable cortical changes in alpha bands (global, low and high alpha), using the random frequencies parameter of 6-10 Hz.
As a priori hypothesized, the effects of tDCS and tPCS are not mediated by the same neurophysiological mechanisms. Previous studies with resting state tDCS over the motor cortex, suggested that tDCS does not induce action potentials, but instead changes the threshold for action potential generation in the neurons [23] [24] [25] . Thus, tDCS changes the likelihood of neuronal discharge and is theoretically not able to change spontaneous brain oscillatory activity, especially that which is thought to be dependent on the summation of postsynaptic potentials, reflected in EEG. tPCS seems to influence deeper brain structures than tDCS, such as the brain stem, the thalamus and the hypothalamus, based on head model current simulation [15] , whereas tDCS increases cortical excitability under the stimulating electrodes [26] . On the other hand, tPCS with a random frequency of 6-10 Hz seems to modulate brain oscillation and synchronize within the power spectrum within these frequencies. As compared to transcranial Alternating Current Stimulation (tACS), using sinusoidal waves, tPCS delivers randomly generated quadratic pulses, which may in turn, increase the power and connectivity of endogenous generated brain oscillation, under the mechanisms of stochastic facilitation, to synchronize cortical activity within the boundaries of the applied random frequencies. Based on these assumptions, we can hypothesize that by improving coherence and information integration, tPCS could enhance speed processing, as already shown [13] , and could be useful for the treatment of neurological conditions such as traumatic brain injury or attention-deficit/hyperactivity disorder (ADHD), or any other condition in which connectivity needs to be modulated. For instance, developmental delay in the form of language dyspraxia has been successfully treated with tPCS as a co-adjuvant technique for speech therapy as shown by anecdotal data from our center. Particularly, an improvement in vocabulary and in performance during speech therapy sessions was observed. These improvements might reflect the effect of tPCS facilitating circuit maturation through improved coherence. In addition, since tPCS seems to have an effect on deep brain structures, potentially stimulating thalamo-cortical circuits, we can hypothesize that this technique could be beneficial for patients with disorders of consciousness, since these circuits are usually disturbed in this condition [27] .
These are important insights, as the effects of electrical stimulation techniques are frequently considered on the basis of behavioral effects only. For instance, if tDCS and tPCS have similar attention enhancing effect, it is often mistakenly interpreted that this effect is mediated by similar neural mechanisms. Although in this study neither technique generated a behavioral change, the demonstration that they induced different neural mechanisms at rest suggests that further research should be guided by neural mechanisms rather than solely by behavioral effects. This notion would be critical to develop these techniques as potential clinical tools.
Combining the two types of stimulation leads to no effect or to a decrease in brain excitability
Our results highlight the negative effect of concurrently combining tDCS and tPCS in healthy participants, since both stimulations seem to cancel each other. tPCS is thought to influence deeper brain structures, such as the brainstem where it can exert an effect on the reticular formation and, consequently, modulate the signals arriving to the thalamus. Based on the previous tPCS results (see previous paragraph) it seems feasible that the thalamus, due to its role as electrographical generator through the thalamo-cortical circuits, could stimulate the bottom-up connectivity. On the contrary, tDCS seems to target a top-down cortico-thalamic pathway [28] . Thus, it may be possible that the sum of effects, as distinct as the ones induced by tDCS and tPCS, can result in an the cancellation of the individual signatures of these techniques in brain activity.
However, it is also important to stress that this cancellation of effects was observed in healthy participants and does not necessarily translate to patients with neurological conditions and disrupted cortico-thalamo-cortical loop [29] [30] [31] . In addition, it is possible that combining the two types of stimulation, not simultaneously but one after the other, could lead to the expected additive results and not the observed cancelled outcomes. As mentioned in the introduction, tDCS may increase the neuronal firing under the stimulated area and enhance learning capabilities, whereas tPCS seems to involve a more widespread cortical and subcortical network and, behaviorally, this could facilitate a task that has been previously learned [16] . While applying tDCS (before a task) and then tPCS (during a task), this could induce the expected additive effects of the two NIBS techniques.
tDCS at rest increases power in the beta bandwidth
We showed that tDCS over the left primary motor cortex (M1) induces a beta-power enhancement after 20 min of stimulation. A previous study demonstrated similar results after a single stimulation session over the prefrontal cortex [32] . The authors concluded that tDCS could change the brain to a "ready state" to perform cognitive (if the prefrontal area was stimulated) or motor (if the primary motor area was stimulated) tasks.
Compared to previous studies, we did not find an effect of stimulation on pain thresholds. These results contrast with previous tDCS studies on pain in both, patients [33] [34] [35] and healthy subjects [9] . This might be explained by the timeline of our protocol, since the pain assessments were performed up to 40 min after the stimulation due to the time it took to prepare and record EEG. Another possible explanation could be a type II error (β), since these measurements were secondary outcomes and our sample size was powered to detect qEEG differences. In addition, it should be noted that current literature on tDCS has shown that repetitive sessions are required in order to induce larger effects [36, 37] . Therefore, a single stimulation session might not be enough to generate important clinical changes. Finally, it is more and more evident that the effects of tDCS seem to be greater when coupled with a specific task [38] [39] [40] .
Conclusion
This study provides evidence of head-to-head and combined effects of a single session of tPCS and tDCS on cortical neurophysiology and pain-related assessments in healthy individuals. A single session of tPCS has greater effects on power, mainly in the alpha bandwidth, as compared to tDCS, while the combination of the two techniques can even decrease cortical activity at high frequencies. These two types of stimulation going in opposite directions (i.e., tPCS seems to stimulate bottom-up connectivity while tDCS modulates top-down pathways) could result in the elimination of their respective effects on brain activity. This observation highlights the need of careful consideration and better understanding of the underlying mechanisms of action before associating different transcranial stimulation techniques.
As it becomes clear that tPCS and tDCS have distinct physiological mechanisms and distinct effects on resting cortical activity, it would be interesting to explore these effects on clinical populations in which treatment options are limited, such as chronic pain syndromes. Indeed we have hypothesized that tPCS and tDCS have different signatures in cognitive tasks: while the first seems to improve accuracy [13] , the second seems to enhance reaction time [41, 42] . Therefore, further studies investigating the effects of tPCS and tDCS applied consecutively should be performed. This will help to determine if these two theoretically complementary neuromodulation techniques can have additive effects when they are used in a more appropriate order: e.g., first tDCS when learning a specific task, preparing the subject to perform this task; then tPCS during the task to improve performance.
Highlights
• Does the combination of different NIBS techniques influence brain activity?
• tPCS increases power in alpha bandwidth by influencing bottom-up connectivity.
• tDCS has an impact on beta activity through top-down pathways.
• Combining tDCS and tPCS, applied simultaneously, decreases cortical excitability. Table 1 Side effects of tDCS and tPCS Neurosci Lett. Author manuscript; available in PMC 2017 August 03.
